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Cocaine addiction: Clues from Drosophila on drugs 
Marina E. Wolf
Recent studies have shown that the fruitfly Drosophila
exhibits behavioral sensitization in response to
repeated exposure to cocaine; the exploitation of this
genetically tractable model system for studying cocaine
addiction is already providing new clues that may help
understand the process of drug addiction in man. 
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Chronic exposure to psychostimulants such as cocaine alters
the brain in profound ways. The enduring nature of these
alterations probably accounts for the high likelihood of
relapse in cocaine abuse patients, even after detoxification
and long periods of abstinence. What is the nature of these
alterations and are they reversible? What genetic factors
predispose certain individuals to addictive disorders?
Recent work suggests that answers may come from a sur-
prising source — the fruitfly, Drosophila melanogaster.
A widely used animal model for the intensification of drug
craving characteristic of addiction is a phenomenon known
as behavioral sensitization [1]. Sensitization here refers to
the progressive enhancement of species-specific
behavioral responses that occurs during the repeated
administration of cocaine and many other drugs of abuse,
and that persists even after long periods of withdrawal.
While sensitization of cocaine’s locomotor-activating
effects is most commonly studied, sensitization also occurs
to its incentive-motivational effects. As is also true of drug
craving in humans, sensitization is strongly modulated by
environmental stimuli and conditioning. Recent work
suggests that it may be a maladaptive form of glutamate-
dependent plasticity that involves the rewiring of cortical-
limbic circuits in the brain, both at the structural and
gene-expression levels [2].
Over the past decade, research in rodents has identified a
very large number of cellular changes associated with the
induction or expression of behavioral sensitization. Many
neurotransmitter and signal transduction systems have
been implicated in the phenomenon, but we are still far
from knowing which of these are necessary for sensiti-
zation and which are epiphenomena. There is an acute
need for data that will help to focus research on this
problem. One way to approach this question in vertebrates
is to use gene-targeting techniques, as used to generate
‘knockout’ mice, but these are time-consuming and
expensive. Several recent studies have taken the novel
tack of studying sensitization in Drosophila, driven by the
obvious advantages this species offers for traditional
‘forward’ genetic approaches. 
McClung and Hirsh [3] began by characterizing the
behavioral responses of Drosophila to free-base cocaine
delivered by volatilization from a heated filament.
Acutely, cocaine produced a dose-dependent progression
of behaviors: low doses produced intensive grooming with
little locomotion; moderate doses produced rapid rotation
along with sideways or backward locomotion; while higher
doses elicited tremors and paralysis. These behaviors are
strikingly similar to the locomotor and stereotyped behav-
iors elicited by cocaine in rodents. In the same study,
McClung and Hirsh found that repeated exposure to
cocaine — three doses at three-hour intervals on day one,
followed by two exposures the following day — produced
a significant and persistent sensitization to the drug in the
treated fruitflies.
There are eerie similarities between behavioral sensiti-
zation in fruitflies and in rats. In both cases, sensitization
can be induced by a single exposure to cocaine, but
intensifies with intermittent exposure in a manner highly
dependent upon the time interval between exposures
[3]. Both species show sex differences in the propensity
for developing sensitization [3]. And finally, in both
species there is evidence for an anatomical separation
between the neural regions required for the develop-
ment of sensitization, and those required for the expres-
sion of sensitization. This is best established for the rat,
where sensitization can be initiated by repeated drug
administration directly into the midbrain region
containing dopamine cell bodies, suggesting a require-
ment for ‘presynaptic’ changes within the dopamine
neurons themselves. But expression of sensitization is
produced in response to drug applied to the nucleus
accumbens, an important projection target of these
dopamine neurons. 
From recent work it seems there might be a similar
presynaptic/postsynaptic dichotomy in the fruitfly. It has
been found that the development of sensitization in
Drosophila can be prevented by targeted expression of G
protein subunits or tetanus toxin light chain — an
inhibitor of transmitter release — in dopaminergic and
serotoninergic neurons, again suggesting that sensitiza-
tion requires the modulation of transmitter release
presynaptically within monoamine-containing neurons
(J. Hirsh, personal communication). After cocaine
exposure, expression of sensitization can be elicited by
application of dopamine agonists to the nerve cord in a
decapitated preparation, that is, postsynaptic to the brain
monoamine neurons [4].
While such parallels are striking, there is still the ques-
tion of whether the flies provide a reasonable model at
the cellular level. In vertebrates, cocaine acts by block-
ing monoamine transporters, resulting in elevated
extracellular levels of dopamine, norepinephrine and
serotonin. Enhanced transmission mediated by D1-type
dopamine receptors is essential for many of the ensuing
behavioral responses. Arguing for similar mechanisms in
flies, behaviors similar to those produced by free-base
cocaine are elicited by application of dopamine agonists
and other biogenic amines to the nerve cord of
decapitated flies [5]. Furthermore, flies produce cocaine-
sensitive monoamine transporters [3] and also D1-like
dopamine receptors which couple to intracellular trans-
duction pathways very similar to those used by rodent
D1 receptors [6]. 
In a recent attempt to define further the neurochemical
basis of sensitization in flies, McClung and Hirsh [4]
characterized several Drosophila mutant lines. These
were selected because of their abnormal levels of
octopamine, a trace amine in vertebrates but one
believed to serve an important transmitter role in insects
(Figure 1). A mutant with low octopamine levels, known
as inactive (iav), proved particularly informative. This
mutant was found to respond normally to an initial dose
of cocaine, but failed to sensitize to subsequent treat-
ments. Another line, TβhM18, which carries a null muta-
tion in the gene for tyramine β-hydroxylase — the
terminal enzyme of octopamine synthesis (Figure 1) —
was found to have virtually no octopamine but neverthe-
less sensitized normally to cocaine. Together, these
results suggested that iav flies might fail to sensitize
because of a deficit in production, not of octopamine
itself, but of its immediate precursor, tyramine.
This idea received strong support from a number of
further observations. Thus, brains from iav mutant flies
were found to contain 2.5-fold lower levels of tyramine
than wild type brains, and to exhibit a six-fold reduction
in the activity of tyrosine decarboxylase, the terminal
enzyme of tyramine synthesis. Most strikingly, the
tyrosine decarboxylase activity level was elevated after
cocaine regimens producing sensitization, with the time
course of tyrosine decarboxylase induction paralleling the
intensification of behavioral effects. Finally, feeding iav
flies food containing either tyrosine or tyramine
enhanced the acute response to cocaine, but only tyra-
mine rescued sensitization.
By interacting with monoamine transporters, tyramine
can exert amphetamine-like effects on monoamine
release. McClung and Hirsh [4] propose that, through
such a mechanism, increased tyramine levels — resulting
from tyrosine decarboxylase induction by cocaine —
could contribute to sensitization by enhancing extracellu-
lar levels of other biogenic amines, such as dopamine. A
similar role for tyramine in cocaine sensitization in verte-
brates would provide a possible explanation for one of the
best established cellular correlates of behavioral sensitiza-
tion in rats — the enhancement of stimulus-induced
dopamine release in the striatal complex [2]. But how
plausible is a role for tyramine in vertebrate sensitization?
Tyramine concentrations are two orders of magnitude
lower than dopamine concentrations in the rat brain. But
low whole-brain levels do not rule out a role in specific
circuits, or the possibility that those levels are regulated
in a physiologically important manner. For example, tyra-
mine levels in the rat striatum and olfactory tubercles are
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Figure 1
Simplified outline of pathways for synthesis
of catecholamines and related trace amines
in invertebrates.
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decreased by amphetamine, an effect that shows toler-
ance after repeated amphetamine injections [7]. Other
studies report alterations in tyramine or octopamine
levels after stress or learning paradigms. 
These findings are interesting, as they suggest both
expected and perhaps unexpected common features of
the transmitter systems involved in sensitization in
Drosophila and vertebrates. Sensitization in vertebrates is
a complex phenomenon, however, involving sequential
changes in many brain regions and transmitter systems,
and requiring the integrity of complex cortical and limbic
circuitry. Mechanistic parallels between the species must
break down at the circuit level. Furthermore, while
McClung and Hirsh [3] have argued that an advantage of
Drosophila for cocaine sensitization research is the
absence of confounding influences related to “handling,
familiarity of the testing environment, strain, stress…”,
these very influences — all attributable to cognitive
functions that must differ markedly between Drosophila
and higher vertebrates — are central to parallels between
sensitization and drug craving in humans. For example, a
major emphasis of drug abuse research is on neural
mechanisms that underlie the ability of stressors, or situ-
ational cues previously associated with drug use, to
provoke relapse to drug-taking behavior. Drosophila has
been invaluable for basic studies of learning and
memory, but can it provide insight into these types of
complex associative processes?
These are important issues for future consideration. But
the current excitement lies in using Drosophila to iden-
tify novel molecular targets for sensitization research and
to determine which of the previously identified candi-
dates are actually essential to the sensitization process.
Another recent study by Hirsh and colleagues [8],
demonstrating that genes involved in circadian rhythmic-
ity have a strong influence over cocaine sensitization,
may represent a step in that direction. Flies containing a
null mutation in the Drosophila period (per) gene — the
founding member of the circadian gene family — were
found to show a normal initial cocaine response, but not
to develop sensitization. The pero flies also failed to
develop the supersensitivity of D2-like dopamine recep-
tors in the nerve cord that accompanies sensitization in
wild-type flies. Sensitization was also disrupted by per
alleles that either shorten or lengthen the circadian
period, as well as by mutations of the circadian genes
clock, cycle and doubletime (clock and cycle encode
transcription factors that modulate per expression, while
doubletime encodes a protein that is required for the phos-
phorylation of Per protein). Interestingly, mutant lines
defective in sensitization also failed to show induction of
tyrosine decarboxylase activity, strengthening the corre-
lation between tyrosine decarboxylase induction and the
development of behavioral sensitization. 
What is the link between circadian genes and sensitiza-
tion? Many laboratories that study cocaine or ampheta-
mine sensitization in rats have developed superstitions
about diurnal variations in the propensity to sensitize, and
the reality of such diurnal variations has recently been
confirmed [9]. At a mechanistic level, however, the signifi-
cant point is that most circadian gene products are tran-
scriptional regulators. It is likely that cocaine-induced
neuroadaptations, including sensitization, require a
complex program of gene expression involving the induc-
tion of many classes of transcriptional regulators ([10] and
references therein). The overlap between transcriptional
control of circadian rhythms and sensitization in Drosophila
may provide important clues to the identity of transcrip-
tion factors and target genes that play obligatory roles in
drug addiction. Progress in this area should accelerate with
the application of forward genetic techniques to future
studies of cocaine sensitization in Drosophila. 
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